As part of an epidemiologic study on exposure to a toxic waste incineration plant we investigated whether blood concentrations ofpolychlorinated biphenyls (PCBs), lead, and cadmium, as well as concentration of mercury in 24-hr urine samples were associated with thyroid hormone status. As an indication of stats, we detennined levels of thyroid-stimulating hormone (TSH), free thyroxine (FT4), and free triiodothyronine (FT3) in children living in households where < 10 cigarettes were smoked per day. Eight PCB congeners (PCBs 101, 118, 138, 153, 170, 180, 183, and 187) were measured in whole blood samples. Of these, seven congeners (PCB 101 was not detected in any sa'mple) and the sum of ali PCB congeners were analyzed as predictors for thyroid hormone status in separate linear regression models adjusted for potential confounders. In addition, the possible effects of cadmium, lead, and mercury on levels of thyroid h-ormones were examined. Blood concentrations and information on questionnaire data were available for 320 children 7-10 years of age. We found a statisticaly significant positive association between the mono-onho congener PCB 118 and TSH as well as statistically significant negative relationships of PCBs 138, 153, 180, 183, and 187 to FT3. There was no association for the PCB congeners and FT4. Blood cadmium concentration was associated with increasing TSH and diminishing FT4. Blood lead and urine concentration of mercury were of no importance to thyroid hormone levels. The results stress the need for future studies on the possible influences of PCB and cadmium exosure on thyroid hormones, particularly in children. These studies should also take.neurologic development into account. Key word cadmium, children, lead, mercury, PCB, thyroid, thyroxine, triiodothyronine, TSH, waste incinerator. Environ Health Perspct 107: 843-849 (1999 
As part of an environmental epidemiologic study on potential exposure to a toxic waste incinerator (TWI) in the south of the Federal State of Hessen, Germany, we tested the hypothesis that blood concentrations of polychlorinated biphenyls (PCBs) are predictors of thyroid hormone status in elementary schoolchildren.
The first survey in 1994-1995 consisted of questionnaires for the parents and a medical check-up of the children, including measurements of height and weight. We performed phlebotomy and serum biochemistry, along with the measurement of thyroid hormones, cadmium, and lead in whole blood, and we collected 24 -hr urine samples to assess the excretion of mercury.
Thyroid hormones are necessary for the development of brain function and cell growth; because of this, appropriate levels of peripheral thyroxine and triiodothyronine (T3) are especially important in childhood. Deficiency of thyroid hormones can subsequently result in a serious delay in neurologic development (1-3).
Exposure to PCBs is suspected of altering the pituitary thyroid feedback regulation through various mechanisms. Evidence could be drawn from animal and human studies on effects of planar and nonplanar PCBs that frequently show a decrease in peripheral thyroxine, whereas thyroid-stimulating hormone (TSH) might be increased. One mechanism is hepatic microsomal induction of uridine diphosphate glucoronyl transferase (UDPGT) (4), possibly because of a similar molecular structure of planar and mono-ortho substituted PCB congeners to that of the thyroxine molecule (5) . The induction is mediated by the nuclear aryl hydrocarbon receptor (AhR), to which only planar and coplanar PCBs have an affinity. Thus, enhanced metabolism of thyroxine (T4) by glucoronidation could lead to reduced peripheral T4 half-life and increased biliary excretion (4) . Compensatory TSH secretion can follow depletion of peripheral T4 levels unless enhanced deiodinase activity in brain results in normally local T3 concentration (6) .
PCB could also possibly block type I monodeiodinases. It is estimated that up to 80% of circulating T3 results from tissue conversion of T4 to T3; subsequently, inhibition by PCB would lead to lower peripheral T3 levels and to increased TSH secretion if it is not compensated for by T4 de novo biosynthesis (4) .
Disruption of thyroid hormone status can also result from competitive binding to specific transport proteins, such as transthyretin in rats and mice (7, 8) . In humans, thyroxinebinding globulin ( (12) .
The objective of this study is to analyze associations of levels of TSH, free thyroxine (FT4), and free triiodothyronine (FT3) to blood concentrations of seven PCB congeners as well as to the concentration of cadmium and lead in blood and the concentration of mercury in 24-hr urine. In human lipids and tissue, mainly higher chlorinated nonplanar PCB persist and accumulate. Consequently, congeners with a longer half-life were primarily analyzed in the blood samples.
The study region is situated around an industrial waste incinerator in the Rhine Valley approximately 30 km wide, with low mountains on both sides. The facility has a license to burn highly PCB-contaminated material. In 1990, new filters were installed in the the hazardous waste incinerator. Measurements in the flue gas of the TWI in 1992 could not detect coplanar PCBs and detected only small amounts of nonplanar PCBs (13 In an initial analysis differences of thyroid hormone levels were tested with regard to the three regions (14) . Statistically significantly reduced values for FT3, and to a lesser extent FT4 levels, were found in the area with the TWI.
Regional effects were controlled for putative differences in iodine intake by checking iodine excretion in 24-hr urine of the children. There were no regional differences among the three groups of children in the TSH values. However, adjusted blood concentrations of di-ortho-substituted congeners PCB 170 (95th percentile = 0. 15 Questionnaires. Three self-administered questionnaires were used in the survey: one on the living conditions and nutrition of the families; the second on occupational, demographic, and anamnestical data of the mother and father; and the third on the school situation and anamnestical data of the child. Fish consumption in the previous 12 months was assessed by questions on how often the child ate fat fish, low-fat fish, and fish from the River Rhine. For statistical analysis this information was dichotomized (two meals or more vs. none to one meal per month). Environmental tobacco smoke (ETS) was estimated first as smoking in the child's home in the previous 12 months (no cigarettes, 1-10 cigarettes, 11-20 cigarettes, or > 20 cigarettes/day). Parents were then interviewed regarding ETS exposure in general in the last 7 days preceding blood sampling (0 days, 1 to some days, or daily).
Colection ofurine samples and determination ofurinary mercury. During the physical examination one accompanying parent was instructed on how to collect 24-hr urine samples. We handed out a flyer and suggested collecting the urine on one weekend day. The urine samples were recollected at school, weighed, aliquoted, and frozen at -300C. The aliquots were sent to the Institute of Toxicology, University of Kiel, Germany. For the assessment of mercury, 5-mL aliquots were processed with 0.5 mL 32% hydrochloric acid and 0.2 mL potassium bromide/potassium bromate (2 g KBr and 0.56 g KBrO3 in 25 mL H20) and analyzed by atomic absorption spectroscopy (Perkin Elmer, Norwalk, CT Cadmium and lead in whole blood samples were detected by flow injection atomic absorption spectroscopy (Perkin Elmer) after the addition of 0.1% Triton X-100-solution, 1.5 M nitric acid, and centrifugation at 3000g. The detection limits were 0.05 pg/L for cadmium and 9 pg/L for lead.
PCB and heavy metal analyses were performed at the Institute of Toxicology, University of Kiel, Kiel, Germany. From both laboratories certifications of successful participation in external quality assurance were available.
Statistical methods. Sample values of PCBs and heavy metals were substituted with one-half of the detection limit when they were below the detection limit.
Because the distributions of PCB congeners, cadmium, lead, and mercury were not normal, the geometric mean, median, 5th and 95th percentiles, minimum, and maximum were presented. TSH and FT4 levels were Blom-transformed [yi = 1-(ri -3/8)1(n + 1/4), with v = inverse cumulative normal (Probit) function, ri = rank, and n = number of nonmissing observations] before testing associations with possible predictors by multiple linear regression models (16) .
The distribution of the dependent variable achieves an arithmetic mean near zero and a standard deviation of ± 1. FT3 was multivariate normally distributed without transformation after adjusting for confounding factors.
Each of the seven PCB congeners was analyzed as a predictor in separate linear regression models because all PCB congeners are highly correlated. Finally, the sum of PCBs 138, 153, and 180 and the sum of all measured congeners were used as exposure indicators, each in one model on TSH, FT4, and FT3. Linear regression models were adjusted for potentially confounding factors, such as sex and age, because of differences in TSH values between boys (higher values) and girls (lower values) and because of supposed agerelated changes. Exposure to ETS in the 7 days preceding phlebotomy and the consumption of fish during the previous 12 months were also controlled. Fish consumption primarily was used to control for iodine intake, whereas ETS was included because of its presumed influence on thyroid status and its association with at least some of the investigated toxic substances, e.g., cadmium. Additionally, to adjust for possible relationships of heavy metals on levels of thyroid hormones, the blood concentrations of cadmium and lead and 24-hr urine concentration of mercury were included in the models. Toxic metals were measured in the children's blood and urine to assess the exposure due to the incineration in the TWI area. Possible effects of cadmium were experimentally shown in rats and in environmentally exposed adults (17, 18) and possible effects of mercury were shown in occupationally exposed adults (19 (20) .
Results
The proportion of participation was 61.5% (n = 671). Twenty-four-hour urine samples were collected from 636 children; the codes (Table  5 ). There were no relationships of PCB congeners with FT4 of significant magnitude.
We investigated potential combined effects by stratifying the group for sex and we repeated those regression models that showed significant associations between PCBs and thyroid hormones in the total sample. The reduced sample size in each model diminished the probability to detect associations between PCBs and thyroid hormones. Between PCB 118 and TSH the associations in boys and girls did not change substantially ( Neither blood concentration of lead nor the urinary concentration of mercury had a statistical influence on the levels of the thyroid hormones (Table 6 ). The blood concentration of cadmium, however, showed an association with increasing TSH and an association with diminishing FT4 (Table 6 ). The consumption of fish more than twice in a month appeared to raise the FT3 concentration (Table 6) aPCB 101 was not detected in any sample. PCB 118 showed no regional differences to the total group. PCB, polychlorinated biphenyl; TSH, thyroid-stimulating hormone. ,Each model has been adjusted for blood cadmium and lead concentrations, urinary mercury, age, sex, passive smoking, and fish consumption. bPredictor variables of PCB and heavy metals were ranked into two or three categories by frequency distribution if associations to thyroid hormones were not linear. cParameter estimates are based on rank-transformed values to achieve normal distribution (16 Cadmium. The geometric mean of blood cadmium concentration in our study (n = 320) of approximately 0.18 pg/L (Table   3 ) is similar to the concentration of 0.14 pg/L in the German national survey subgroup of 8-9-year-old children (n = 169) (23). The 95th percentile in our sample in South Hessen was 0.65 pg/L, as compared to 0.4 pg/L in the national survey.
To investigate whether the relationship between cadmium in blood and FT4 (negative association) and TSH (positive association) depends on the influence of ETS, we restricted the analysis to the group of children who were neither exposed to passive smoking at home in the last 12 months nor in general in the 7 days preceding the phlebotomy (n = 169). In this group we detected corresponding associations of cadmium on FT4 (p = 0.01) and on TSH (p = 0.003).
To our knowledge there is no study on cadmium and thyroid hormones in children.
In adults, Nishijo et al. (18) showed a decrease in FT4 levels in women from a cadmium-exposed area as compared to a nonpolluted area. In cadmium-treated pregnant rats, serum levels of total T3 and T4 were significantly decreased (24) . Increased plasma levels of TSH were found in another study on rats exposed to cadmium (17) . These reports fit with our findings of a cadmium-related increase of TSH and a decrease of FT4.
Lead. The blood concentration of lead ( Koopman-Esseboom and co-workers (33) as well as Sauer et al. (34) showed a positive correlation between PCBs-planar and nonplanar-in human milk and TSH values in infants (week 2 and month 3, n = 78-82) and a negative association with FT4 in week 2 in the high-exposure group. In this study on background levels of PCB (33) , an effect of higher plasma levels of PCB on maternal total T3 and total T4 was also reported. Recently, a study on 1-yearold Japanese infants who were breast-fed showed decreased values of T3 and T4 depending on the levels of PCDD/PCDF and coplanar PCB in mother's milk, whereas TSH values were unaffected (35) . Pluim et al. (36) found an elevation on total T4 and TSH but not on total T3 due to background PCDD/PCDF concentrations in newborns (n = 38), which indicates an agonistic mechanism of action. PCBs should mobilize colloid-stored T4 in the thyroid gland, which could lead to rising T4 levels in serum.
Our finding of an association between the mono-ortho congener PCB 118 and increasing TSH (Table 5) and an increase in TSH. Because of possible adverse effects on growth and development (38) and to identify susceptible periods, there is a need for future studies to analyze the effect of PCB and cadmium on thyroid hormones in different age groups and to observe levels of thyroid hormones in connection with the neurologic development of children exposed to PCB and cadmium.
